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Magnetoencephalography (MEG) has a long history of development
Jor the application of epilepsy. Technical and clinical validation
of spike source estimation has been demonstrated in most partial
epilepsies. The question that needs to be clarified concerns clinical
value: Do identification and localization of epileptiform discharges
play an important role in the determination of epilepsy localization
Jfor surgery? EEG is the mainstay in the investigation of seizure
disorders and will remain so because it alone possesses the attribute
of long-term recordings that can capture seizures. In contrast, MEG
has the unique capability of nearly instantaneous high-resolution
recording, with detection sensitivity and spike localization precision
beyond that of EEG. Do these distinctions matter from a clinical
standpoint?

The magnetoencephalogram (MEG) is a remarkable tech-
nological accomplishment. In a superconducting environment
with induction coils submerged in liquid helium at near ab-
solute zero temperature, whole-head arrays of detectors record
the incredibly small magnetic fields (10712 T) generated by
intraneuronal currents of the human brain in vivo. Although
analogous to the EEG in that both measure and record signal
reflecting neuronal activity, fundamental differences exist (1).
Today’s MEG systems allow rapid high-resolution (100-300
channels) recordings of cortical function and dysfunction that
are neither attenuated nor distorted by the skull or other vari-
able intervening tissue layers between the scalp and brain. These
technical attributes created the tendency, at least historically, to
use MEG rather than EEG for source analysis. High-resolution
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EEG recording combined with real-head modeling (i.e., using
the subject’s own anatomy from their MRI or CT) may over-
come some of the source localization challenges of EEG; how-
ever to date, this approach still has not been used or validated
to any appreciable extent in the clinical arena.

MEQG, in contrast, has been studied and used extensively
for clinical application since the inception of multidetector ar-
ray systems became available in the early 1990s. In fact, in
the United States, MEG-based source localization, called mag-
netic source imaging (MSI) when combined with structural
imaging, received Food and Drug Administration approval for
clinical use in 1997 and was given Current Procedural Termi-
nology (CPT) codes for epilepsy localization and presurgical
brain mapping in 2003. Yet, in spite of nearly two decades of
MEG clinical investigation, controversy and questions remain
as to what contribution MEG adds to EEG and the role that it
plays among other established epilepsy localization tests, partic-
ularly multimodality imaging and intracranial EEG (ICEEG).
MEG presurgical brain mapping is well established for primary
sensory and motor modalities; more complex cognitive map-
ping is probably best served by MEG or its combination with
fMRI, thus providing high spatial and temporal resolution to
resolve networked areas of brain processing that are likely to
overlap. Although brain mapping is often an integral compo-
nent of the presurgical evaluation, this review is limited to MEG
and epilepsy localization.

Accuracy and Sensitivity

Before discussing MEG source localization for epilepsy, it is
of value to address the question of whether MEG can ac-
curately localize interictal epileptiform discharges (spikes and
sharp waves). Although seizures can be captured, recorded, and
even localized by MEG (2—4), it is rare that an ictal event oc-
curs during the scan. Thus, the information provided by MEG
spike source localization, even if technically accurate, may not
reflect the actual localization of the patient’s epilepsy. The his-
tory and seizure semiology help in discerning which spikes are
most related to the patient’s habitual seizures. Also, spikes seen
at the scalp by either EEG or MEG should not be confused
with those recorded at the cortex, for which terms, such as ”ir-
ritative zones,” are used. Spikes recordable at the scalp are a
strongly selected subset of robust, large amplitude discharges
that contrast greatly with the far more numerous and scattered
spikes recorded on ECoG (5,6). In neocortical epilepsies (lat-
eral temporal and extratemporal) frequent unifocal spikes that
tightly cluster on source localization have a strong correlation



with seizure onset recorded with ICEEG (7,8). Ultimately, the
potential value of spike localization has to be determined on a
case-by-case basis.

Once the value of spike localization is accepted, then the
next most important questions are whether MEG has the sen-
sitivity to detect spikes of interest and if there is any clinically
significant difference between MEG and EEG in sensitivity to
detection. Multiple, some interrelated variables are involved in
the criteria that have to be met for a spike to be recordable at
the scalp, including extent of depolarized cortex (simultaneous
or sufficiently overlapping by cortico—cortical propagation),
depth from surface, amplitude, dipolar orientation, and con-
ductivity of intervening tissues. To what degree and which of
these variables affect EEG versus MEG may result in a detection
sensitivity difference. Depth is a heavily weighted variable, and
in this case, EEG might have a slight advantage because MEG
detectors are not as close to the scalp as pasted electrodes. This
advantage might be more than offset, however, by the attenu-
ation from conductivity differences caused by the skull, which
are not applicable to MEG.

The extent of involved cortex required to detect a spike sig-
nal at the scalp has been increasingly studied and may indeed
be different for MEG than EEG. From temporal lobe studies
of simultaneous ICEEG, it is estimated that at least 6-8 cm?
of basal lateral cortex is necessary for MEG detection of spikes
(9-11). For spikes in the lateral convexity (longitudinal frontal
sulcus), only 3—4 cm? is necessary with MEG recording (11).
For EEG, a 6 cm? area has been used widely, since the 1965
study by Cooper et al. (12); however, this estimate was based on
an in vitro experiment that did not include background noise. A
much more recent in vivo study with subdural grids over the an-
terior lateral temporal cortex showed very few spikes involving
less than 10 cm? were recognizable on the scalp EEG and that
most typical anterior temporal lobe spikes reflected 20-30 cm?
of cortical source area (6). Together, these findings suggest that
MEG may have a better sensitivity than EEG. Unfortunately,
no simultaneous scalp EEG, MEG, ICEEG studies involving
direct comparison have been reported.

Several studies have compared detection of spikes in rou-
tine exams with scalp EEG and MEG. Most are series of tempo-
ral lobe epilepsy patients and only one used high-density EEG
recording (13—16). From these reports, no clear differences are
seen; most spikes are detected by both modalities, and only
small percentages are detected by only one. One exception is
posterior lateral temporal sources, for which MEG had higher
yields (15). This increase in sensitivity also may herald the same
outcome for extratemporal convexity regions. Sources that in-
volve sulcal banks produce more tangentially oriented dipoles
(e.g., the longitudinal frontal sulci, the intraparietal sulcus, and
both banks of the sylvian fissure), which are particularly well
detected with MEG.
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The orientation of the source dipole is also an important
factor—a limitation that will apply more to MEG, which can-
not record perfectly radial sources (e.g., those confined to the
crown of gyrus, which albeit, is a highly unlikely physiological
circumstance). In one sense this putative limitation of MEG
can be an attribute for localization by giving rise to a more ge-
ometrically simple and spatially limited source to model. EEG
has an increase in contribution from volume currents that are
further spatially and temporally blurred by the skull.

The question of whether MEG is more sensitive than EEG
remains unanswered, but the likelihood that it is for many neo-
cortical sources has provoked much enthusiasm for its use in
epilepsy surgery evaluation. If MEG does detect more spikes
than EEG in neocortical epilepsy, a new challenge arises—how
to reliably identify true epileptiform discharges on MEG alone.
Confounding, sharp transients that are of no epileptiform sig-
nificance have not been well defined for MEG, although they
have been for EEG. Also, MEG spikes coincident with EEG
discharges have different morphological characteristics (17,18).
Most of the differences consist of spatial and temporal blunting
(duration and sharpness) of the EEG, presumed to reflect vol-
ume current propagation through surrounding tissues of vary-
ing conductivity. This effect is amplified in disturbed brain
and skull regions, such as cystic lesions and prior craniotomies,
which are common scenarios in epilepsy surgery. Differences
in morphological characteristics have a more important role in
regard to dipole modeling accuracy than sensitivity but add to
problems associated with increasingly widespread use of MEG.
More training in MEG interpretation for clinical neurophysi-
ology is critically needed.

Accuracy

Regardless of whether MEG is more sensitive than EEG, an-
other potential advantage for MEG is greater source localiza-
tion accuracy—an issue assumed to be a forte of MEG. Key
advantages of MEG are: (1) absence of magnetic field distor-
tion and attenuation by highly variable conductivities between
brain and sensor (which apply to EEG) and (2) the ease of very
high-density sampling. Yet, for both MEG and EEG, solving
the inverse problem, that is, determining where a source would
have to be located to generate the fields actually observed at
the scalp, remains challenging; numerous assumptions have to
be taken into account. If areas of interest are highly unifocal
(i.e., not overlapping either spatially or temporally with other
sources), then the single equivalent current dipole (ECD) model
may be appropriate to obtain reasonably valid source estimates.
Indeed, with MEG mapping of focal evoked fields (e.g., so-
matosensory or auditory), a high degree of accuracy on the order
of millimeters has been demonstrated in normal and abnormal
brains, including in patients with tumors and other destructive
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lesions (19-21). However, epilepsy spikes can be much more
complicated, and as discussed, involve a relatively large amount
of cortex, even if they are considered single and focal.

Extended source models, based on current distribution of
a fixed set of dipoles using minimum norm estimation, are the-
oretically better than ECD modeling for the sources of most
spikes (22). Moreover, many spike discharges visualized at the
scalp are complex and likely comprise overlapping sources. For
these cases, the ECD model cannot be expected to provide a
satisfactory answer, however, multidipole spatiotemporal mod-
eling may be considered (23). Ideally, an a priori knowledge
of plausible physiological sources (e.g., secondary bilateral syn-
chrony of overlapping mesial frontal lobe sources) would be
available for the model. Importantly, although limited by strict
assumptions regarding the epileptiform discharge source, to
date, only the ECD model has been investigated to any extent
for clinical validation.

Validation

Numerous direct and indirect approaches have tried to deter-
mine accuracy of MEG for epilepsy source localization. The
direct methods use either implanted dipoles or simultaneous
ICEEG-MEG recordings. Indirect methods include measures
of colocalization with epileptogenic tissue, either visualized on
imaging or delineated with ICEEG and then, ideally, confirmed
by surgical resection and histopathology. Recordings from im-
planted dipoles (created by a pair of special electrodes included
at ICEEG electrode implantation) provide precise knowledge
of location, with validation rigor similar to phantom studies,
but with in vivo characterization of effects from intervening
tissue and skull of the human head. In inital studies, esti-
mates of error include means that range from a few millime-
ters (24) to nearly two centimeters (25), with error greatly de-
pendent on both signal-to-noise and depth. However, all such
studies were performed with only single or 7-channel instru-
ments that required repositioning several times to fully sam-
ple the observed field patterns. Additionally, radiographs were
used to determine the locations of the implanted dipoles. Both
of these aspects of earlier recordings contributed to errors in
measurements.

Simultaneous ICEEG and large array MEG studies offer
the best opportunity to validate spontaneous epileptiform dis-
charge source localization. The few studies performed have all
confirmed that MEG spike source localization is roughly con-
cordant with ECoG mapping of spikes (9—11). Only one study
incorporated an extratemporal lobe spike source (11). None in-
cluded quantitative error estimates. Some caution regarding pre-
cision is warranted because complete characterization of sources
is not always possible with the limited placement of intracranial
electrodes required for clinical use. Also, surgical dressings and
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electrode connectors increase the distance between brain and
detectors and further decrease signal-to-noise.

The bulk of clinical validation attempts have involved cor-
relation of spike dipole source localization with ultimate surgi-
cal localization. In lesion cases, studies have consistently shown
MEG to be concordant with ICEEG findings, including various
tumors and intrinsically epileptogenic developmental lesions
(26-28). In addition to validation, such cases demonstrate the
ability of MEG spike localization to delineate the topograph-
ical relation of epileptogenic tissue to the lesion, as visualized
on imaging (29). Even colocalization with cryptogenic lesions
(not seen on MRI) has provided clinical validity (27).

Clinical Value

In contrast to assessing validity, it has been a challenge to deter-
mine the clinical value of MEG for epilepsy surgery evaluation.
An obvious approach is to study MEG prediction using gold
standards for epilepsy localization. One gold standard might be
ICEEG localization of seizures—an ultimate arbiter in surgical
decision making that is not influenced by the many uncon-
trolled variables in surgical outcome. If MEG spike localiza-
tion was found to correlate with ICEEG seizure localization,
then the usefulness of MEG for surgical evaluation could be
more widely accepted. The potential roles of a relatively high
sensitivity, noninvasive test would be numerous: from a screen-
ing tool with high specificity for surgical candidates deemed
most appropriate, to adding localizing information not avail-
able from established tests, to improving ICEEG placement, or
to replacing more expensive tests (possibly, including ICEEG in
a subset of cases). Studies specifically addressing prediction of
ICEEG establish that highly localized MEG studies are concor-
dant with seizure onsets recorded with subdural grid recordings
(7,8,30-32).

Other studies, with relatively large series of broadly se-
lected surgical candidates, have attempted to address additional
issues of clinical value. However, unlike studies of standard di-
agnostic tests, studies investigating the impact of a test in the
context of epilepsy surgery are fraught with difficulties. For ex-
ample, protocols for surgery evaluation are highly nonstandard-
ized across centers and are tailored frequently on a case-by-case
basis, even within centers. Additionally, sensitivity and speci-
ficity often cannot be reliably obtained—decisions to proceed
with further evaluation are often subjective. ICEEG may yield
an incorrect finding, leading to no surgery or the wrong surgery,
and not infrequently, surgical outcomes are affected by other
factors independent of test localization accuracy (e.g., limited
resection). In spite of these major issues, investigators have dili-
gently tried to address them in design and analysis.

Accordingly, Stefan and colleagues (33) examined MEG
performed on a broadly collected group of 455 patients with



intractable epilepsy, of which 50% were considered treatable
with surgery. The investigators measured MEG agreement with
the most highly suspected localization of the patient’s epilepsy,
based on all tests available and the consensus of multiple inves-
tigators. In addition, each localization outcome was measured
using a 5-point rating scale (i.e., disagreement, no contribu-
tion, agreement, additional information, and novel influence
on surgery decision). Similarly, two large studies examined the
relative accuracy and contribution of MEG to the most es-
tablished noninvasive tests of localization, which are ictal and
interictal scalp EEG with video (VEEG) and MRI (34,35).
Concordance measures were based on degree of resection over-
lap with and without analysis that included surgical outcome.
Unique to this work was the fact that MEG was considered
experimental and therefore, was not used in deciding how to
define the region to be resected. These and other studies have
consistently shown an overall sensitivity between 70 and 80
percent for a positive MEG study, with spikes captured and
satisfactory ECD source localization achieved. No significant
difference in sensitivity stands out between temporal and ex-
tratemporal lobe epilepsy, although some disparity in findings
is noted, including factors related to varying whole-head instru-
ment coverage of the inferior temporal region (14). The vari-
ous measures of diagnostic localization accuracy were greater
for MEG than that for VEEG (35). This finding is not sur-
prising, especially in extratemporal lobe epilepsy for which ictal
scalp EEG recordings are frequently nonlocalizing as a result
of artifact and rapid propagation. The outcome is best not
interpreted to indicate that VEEG is not necessary; rather, it
strongly suggests that MEG can positively contribute to local-
ization. Indeed, a common conclusion from each of the studies
was that MEG added value in approximately 35 to 40 percent of
patients with inconclusively localizing VEEG. Moreover, many
patients with normal or nonlocalizing MRI also may be similarly

aided.

Conclusions

Nearly all MEG-EEG comparison studies independently rec-
ognize that the modalities are complementary, whether used to
better characterize sources for optimal modeling (36) or in a
clinical role, to combine rapidly acquired accurate spike source
localization with ictal neurophysiology from long-term EEG
recording and implicit localization from neuroimaging. Lim-
ited availability of MEG for clinical application is rapidly di-
minishing. It soon should be feasible to answer more difficult
questions about the role of MEG in seizure localization (par-
ticularly those with the largest impact on both efficacy and
cost of epilepsy surgery), such as whether MEG can: (1) im-
prove early patient selection, (2) increase accuracy of ICEEG
sampling, or (3) reduce the proportion of patients who require
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invasive studies. The technology of MEG is not isolated in
these tasks of epilepsy surgery clinical research, as EEG spike
source localization with real-head modeling and fMRI-EEG-
based spike localization also offer similar potential. However,
currently, MEG has a large head start in clinical validation. So,
to answer the question proposed in the title, evidence does exist
to support the current use of MEG spike source localization in
any patient for whom the question of seizure localization re-
mains after VEEG recording of habitual seizures and for whom
strong clinical suspicion continues for unifocal epilepsy that
may be treated surgically.
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